ABSTRACT: Laser ablation of silver nanoparticles (NPs) was studied with laser post-ionization (LPI) time-of-flight mass spectrometry (TOF MS). Silver NPs containing ∼15 000 Ag atoms (4 nm radius) were deposited by soft landing (energy 3 eV/atom) onto indium tin oxide (ITO)/glass substrates. Laser ablation was performed using frequency-doubled Ti:sapphire nanosecond pulsed laser irradiation at three different wavelengths (371, 401, and 421 nm), whereas for post-ionization, pulses from an F 2 laser were used. Laser fluences and time delay dependencies of Ag and In signals were obtained. Using these data, the temperature of the desorption source as well as its time duration were calculated. It was found that the peak temperature of NPs was above their melting point and they cooled down slowly, with temperature decay time of several hundreds of nanoseconds. This anomalous behavior was explained based on a model where the semiconducting ITO substrate is initially transparent to the desorption laser radiation but starts to adsorb it due to the temperature increase arising from heat exchange with NPs. Poor heat conduction in the ITO film creates conditions for long-lived hot spots on the surface and initiates further optical damage of the substrate. No difference in the ablation process due to plasmon resonance was detected, likely due to thermal expansion and melting of NPs during laser irradiation, which then broadens the plasmon absorption band enough to cover all wavelengths used. These results clearly demonstrate that the process of NP interaction with laser radiation is governed not only by initial optical and thermophysical parameters of NPs and the surrounding media, but also by their alteration due to temperature increases during the irradiation process.
INTRODUCTION
The history of the study of metal clusters is decades long 1 and remains a major topic of interest. As the building blocks of numerous modern nanomaterials, metal clusters and nanoparticles (NPs) also have unique physical and chemical properties that sometimes make them dramatically more valuable than bulk metals. 2 This has motivated development of methods for studies of these species by a variety of techniques. 1 Mass spectrometry (MS) has the advantage of being sensitive both elementally and isotopically. On the other hand, the method is inherently destructive, and for that reason is not as widely used for such studies. As a result, there are very few studies related to laser desorption (LD) or ablation of NPs from surfaces studied using MS methods. 3−5 Nevertheless, the growing interest in NP ablation by laser irradiation is connected to the development of new methods in MS of bio-and organic materials such as tissues. The search for alternatives to matrix assisted laser desorption/ionization (MALDI) 6 resulted in the development of a similar technique, surface assisted laser desorption/ionization (SALDI), 7, 8 and more recently matrix implanted laser desorption ionization (MILDI). 9, 10 Both of these more recent techniques are based on substrate surface modification, particularly by adding nanoparticles to the analyte or having them on the surface already before the analyte is added. Because metal NPs have much stronger light adsorption than surrounding media, subsequent irradiation of the target by pulsed laser can heat the NPs to high temperatures and then transfer adsorbed energy to surrounding molecules, causing their desorption and ionization. This is a simplified model of SALDI and MILDI processes and there are many important yet poorly understood mechanistic details that have limited the adoption of these methods (in contrast with MALDI) for routine, regular procedures for the study of biological materials.
The main thing that makes NPs so useful for SALDI and MILDI is their unique optical and thermal properties in comparison with bulk materials of the same composition. Plasmon resonances in the optical spectra of metal NPs increase their optical absorption allowing for a reduction of the desorbing laser fluence and consequent reduction in the optical and thermal fragmentation of subsequently desorbed organic molecules. To validate this concept, the processes of NP heating by laser radiation and consequent energy transfer to surrounding media should be studied in detail. The problem of heating and heat transfer of different kinds of NPs was studied extensively over the last 15 years. 11−17 However, most of these studies were performed using some model assumptions that sometimes stray far from the experimental conditions specific for SALDI or MILDI. The most common approach uses spherical NPs embedded into some uniform media that is subjected to a laser pulse. 11−13,15−18 Compared with SALDI and MILDI techniques, 10, 19 it is easy to understand that these approaches are far from real experimental conditions. In SALDI, NPs are deposited on the substrate surface with the use of some common techniques (for example, metal magnetron sputtering 19, 20 ) and analyte solution is then deposited onto it. 19 In this case, NPs are not spherical and are in contact with two different media, the substrate surface and the analyte. MILDI is similar, but includes the deposition of biological samples such as tissues onto the substrate surface and subsequent softlanding of charged NPs atop of them. 9, 10 The shape and NPsubstrate contact area are also far from ideal conditions. In the context of these approaches, many important physical− chemical parameters of the combined NP−substrate system remain unknown, which makes theoretical modeling difficult to apply to specific experiments.
Presented in this paper are experimental studies of NP laser ablation in a specific environment, conducted to provide an understanding of NP−substrate interaction. An understanding of these processes will facilitate the further development of SALDI and MILDI methods. In addition to applicability of these analytical methods, understanding how NPs undergo heating and desorption is relevant to other applications of nanotechnology, such as the use of NPs under laser irradiation for medical treatment, 21 processing of NPs in order to form exotic nanostructures, and in surface engineering. 22 The primary goal of this work is to study the dynamics and parameters of NP heating and cooling during pulsed laser irradiation in the situation when the substrate is nominally transparent and does not absorb radiation. Therefore, an indium−tin oxide (ITO) film on glass system was chosen as templates for Ag NPs, since silver has become established for SALDI/MILDI applications due to its low reactivity and its propensity as a cluster or NP to strongly absorb in the blueviolet region of the spectrum.
EXPERIMENTAL SETUP
The experiments were conducted with the use of a custom TOF mass spectrometer SARISA 23 that was slightly modified for this experiment (Figure 1 ). The illumination of the front side of the sample by desorption laser was arranged through an in-vacuum Schwarzschild microscope objective, and laser ablated material was post-ionized by a pulse from an F 2 (GAM100-EX) laser. The instrument was operated at repetition rate 200 Hz, while the F 2 laser was used at 100 Hz only. The ionized part of the laser desorbed plume was captured by the electric field at the input of time-of-flight MS (TOFMS) ion optics, and mass spectra were detected for each desorption laser shot in interleaved fashion. Therefore, the acquired mass spectra consisted of two groups: purely laser desorbed, and laser desorbed then post-ionized spectra. In this fashion, the ionization efficiency in the LD process, that is the relative ratio of ionized and neutral desorbed particles, could be estimated for each measurement cycle, minimizing sampling error. The Journal of Physical Chemistry C Article For laser desorption, three different tunable home-built Ti:sapphire lasers, pumped by a single commercial diodepumped YLF laser (DM60, Photonics Inc.), were coaxially aligned to the time-of-flight axis of the instrument (Figure 1 ). The output radiation frequency of each of these lasers was doubled by LBO (lithium triborate) crystals and the resulting desorption wavelengths were 371, 401, and 421 nm, respectively, with laser pulse durations τ L = 15 ns at full width at half-maximum (fwhm). The energy of each laser were tuned so that at the instrument input window its maximum value was ∼8 μJ/pulse. The Schwarzschild microscope objective focused this radiation onto the target surface in a spot of elliptical shape with the axes sizes ∼(10 × 8) μm 2 at 1/ e. Because of the slightly different divergence of these three lasers, the exact shape of each profile was measured separately and was used to calculate the fluence density of irradiation. The delay between the desorbing laser pulse and the start of the extraction pulse of the TOF instrument could be continuously varied within the interval 0−30 μs. To improve signal statistics and minimize sample damage during each measurement, the laser spot was rastered on the sample surface over an area ∼70 × 70 μm 2 with the use of 2D-galvoscanner (OFH-15, Nutfield Tech.). For the power study, the energy of desorption laser radiation was varied with the use of the set of calibrated neutral density (ND) optical filters with increment of 0.1 optical density (OD) and 5% RMS error.
The post-ionizing laser pulse had ∼2 mJ/pulse energy and was focused above the target with MgF 2 lens with focal distance 650 mm. The beam waist has a rectangular shape with the size 3 × 10 mm 2 , with the longer axis parallel to the sample surface. The delay between this pulse and TOF extraction pulse was optimized to 100 ns by maximizing the signal.
The produced photoions were mass separated by TOF MS, detected by fast ion detector (Gen2, Photonis) and the resulting signals were acquired by two digitizers (FastFlight-2, Ortec) that generated two data streams: one for post-ionized signal and the other for laser desorption only.
One measurement cycle consists of 512 laser pulses (256 post-ionized and 256 pure LD signals) that were summed by the digitizers and transferred to the main computer for further processing.
SAMPLE PREPARATION AND CHARACTERIZATION
Our NPs samples were prepared with the use of a soft landing technique comparable to the one used in MILDI processes. The substrate was a commercially prepared glass slide covered by 60-nm-thickness indium tin oxide (ITO) (Delta Technologies). ITO is highly transparent in the near-UV and visible area of spectrum and also has high damage threshold for laser irradiation. The conductive ITO substrate also allowed us to obtain images of NPs using an SEM, perform NPs soft landing, and also ensured field uniformity for ion extraction into the TOFMS.
The sample was prepared by soft landing predefined cluster ions with mass of 1.6 MDa (∼1.5 × 10 4 Ag atoms) on the ITO covered target by NPlanter built and operated by Ionwerks and located at Rice University. A detailed description of the NPlanter is available elsewhere. 24 In brief, a magnetron sputter source with aggregation zone and quadrupole filter (Mantis Deposition, UK) was extensively customized and outfitted with rastering and acceleration/deceleration lenses, current monitoring, and a sample introduction and manipulation chamber. For the present work, Ag NPs were formed from a 2-in.-diameter 99.99% Ag target in the source, and Ag NPs of 8 nm diameter The Journal of Physical Chemistry C Article were preferentially delivered at 500 eV to the target, with a raster area of 21 × 21 mm 2 . Again, silver is a popular choice for analysis because of its low reactivity and high absorption cross section.
An SEM image of the sample is shown in Figure 2a , which confirms the uniformity of coverage and absence of NPs aggregation over an extended area of 4 × 4 μm 2 , i.e., over the area that is on the order of the size of the desorption laser beam spot. The resolution of Figure 2a is not enough to measure the size of all NPs, but presumably because they were mass separated before soft landing to the mass 1.6 MDa, it is easy to estimate that the diameter should be around 8 nm. A TEM micrograph (JEOL 2010F) is also shown that precisely indicates the size and distribution of the NPs. Larger field energy dispersive spectrometry (not shown) also verified that a uniform coverage of NPs was obtained over hundreds of μm 2 area.
Samples were characterized by their optical transmission spectra with the use of a spectrophotometer (Shimadzu UV2600) and results are presented in Figure 2b . It has a relatively narrow resonance that agrees with the narrow NP size distribution.
RESULTS AND DISCUSSION
Laser power dependencies of ions and neutral ablation were measured at three different desorption laser wavelengths (371, 401, 421 nm). Typical results obtained at 401 nm desorption laser wavelength are shown in Figure 3a . The signals of Ag and In ions are plotted against laser fluence, which was changed with the use of neutral density (ND) filters. Both signals demonstrated strong growth starting at very similar laser fluencies 0.105 J/cm 2 and 0.11 J/cm 2 for Ag and In atoms, respectively (see Figure 3a) . However, there are distinct differences between them. For Ag atoms, power growth is followed by the signal saturation that is connected with depletion of Ag species on the surface during ablation. For In atoms, the signal rise is followed by a plateau that eventually reverts back to a strong increase. Since In arises from the substrate and Ag from the NPs, we posit that this is connected with the onset of ITO substrate melting and subsequent surface temperature stabilization 25 followed by the further temperature increase of the melted bath. It can be plausibly assumed that the evaporation of the atoms is described by the Arrhenius equation, as a thermally driven kinetic process is a reasonable assumption in the nanosecond time domain, and therefore, the flux of ablated silver atoms is described as
and the temperature T is given by 14, 19 
Here, c and ρ are specific heat and mass density of Ag, F is laser fluence, C is the constant, k B is Boltzmann constant and Q abs is the light absorption efficiency, U Ag is the silver atom enthalpy of vaporization equal to 2.64 eV/atom, 26 and μ is an adjustable parameter that was used to take into account heat exchange between NPs and substrate.
However, eq 2 has to be used with caution, because the heat exchange parameter μ obviously depends on temperature, which consequently makes eq 2 nonlinear. Nevertheless, Figure  3a demonstrates power-law growth of the signal in a narrow range of laser fluences (0.1−0.2 J/cm 2 ), where the Arrhenius equation seems to be valid. Figure 3b demonstrates the same dependencies replotted in (1/T) coordinates where T is the Ag NP temperature that was found by fitting the exponentially rising part of the Ag signal with the use of eqs 1 and 2 and coefficient μ as fitting parameter. We should note that despite the high dynamic range of our detection system (∼4 orders of magnitude), the range of laser fluencies where the Arrhenius law is applicable to our system seems to be very narrow. This is a consequence of the high background noise of Ag signals that limited the detection of Ag at low fluences, while at high fluences the signal was saturated due to silver depletion because of material evaporation during the ablation process and, to some degree, due to the nonlinearity of eq 2. The support for this hypothesis comes from the fact that the saturation of the Ag signal coincides with the plateau of the In signal where melting of ITO occurs and heat exchange parameters may change strongly.
Ag signal with reasonable signal-to-noise ratio was observed at temperatures >1350 K, which explains the absence of melting plateau in comparison with the In signal. It is important to note that the temperature scale on Figure 3b is related to Ag NPs only and cannot be applied to the ITO substrate, which likely has a different temperature and is heated by a different The Journal of Physical Chemistry C Article mechanism than NPs. Whereas NPs are directly heated by laser radiation, ITO is transparent for these wavelengths and so should not absorb radiation. Instead, it is heated due to heat flux from NPs and its temperature is defined by thermal conductivity at the interface and thermal parameters of ITO. In accordance with this analysis, NP temperatures are higher than 1000 K, and it could be assumed that those adjacent layers of the ITO substrate are also heated strongly, and the observed In signal supports this argument. The procedure described earlier cannot be used to define the ITO temperature because the enthalpy of vaporization of In from ITO is unknown. Therefore, we propose the model that is purely qualitative.
The initial temperature increase of ITO is governed by heat exchange with hot NPs. However, ITO is a wide band gap semiconductor with a light absorption edge near 300−350 nm that depends on ITO stoichiometry and production parameters. 27 Therefore, at elevated temperatures there should be a strong red shift of the absorption edge as is typical for most semiconductors 28, 29 and which results in subsequent heating of the ITO substrate by direct laser radiation adsorption rather than heat flux from already hot NPs. This process obviously has positive feedback such that above some laser fluence threshold a thermally induced optical bistability occurs. 30 In this case, an induced red shift of the band gap can be expected to dominate over other heating channels of ITO. This proposed mechanism is suggested by the fact that strong visible surface damage was observed starting from laser fluencies of ∼0.8 J·cm , whereas in control experiments blank ITO specimens did not demonstrate any visible damage, nor was there any detectable In signal in the mass spectrum in the range of laser fluences applied.
To go deeper into this problem, a different set of experiments were conducted. Ablation mass spectra were measured as a function of variable delay time τ between the desorbing laser pulse and the instrument extraction pulse in LD post ionization mode (as shown on Figure 1 ). In this case, the signal amplitude is defined by the number of neutral atoms that will be in the ionization volume at time equal τ. If a Maxwell distribution with temperature T(t) is used to describe desorbing atoms, the signal delay dependence I(t) can be obtained as a convolution of desorbing pulse profile P(t) with velocity distribution integrated over the ionization/extraction volume of the instrument. This volume can be approximated by a disk with thickness S and radius r 0 , where r 0 is defined by the field of view of mass-spectrometer electron optics. Finally, I(t) has the following form (see, for example, ref 31, page 68): 
Here, M is the mass of desorbing species, dS is the distance between the target surface and ionization volume (see Figure  1 ), σ and z are variables of integration, and C 1 is the constant that is proportional to the signal collection efficiency and density of ejected atoms. 31 The last exponential term in eq 3 represents the desorption pulse profile P(t) that is defined by a time-dependent Arrhenius equation P(t) = exp[−U Ag /k B T(t)]. To derive eq 3 it was assumed that all particles of the same kind have equal ionization probability inside the ionization volume.
The only unknown function in eq 3 is the variation of the temperature over time T(t). Because the rising part of the temperature pulse could not exceed the laser pulse duration τ L , which is much smaller than the time-of-flight of the atoms through ionization volume, only the trailing edge of T(t) (i.e., the cooling) is of interest. Therefore, the temperature evolution may be presented in the form T(t) = T max × f(t), where f(t) is a decreasing function of time. Finding the parameters of this function was the goal of this particular experiment.
To validate eq 3, the signal delay dependence was measured in the same experimental conditions with the use of a pure Ag metal target (NIST standard). The problem of metal surface heating by laser pulse has a well-known solution 32 and therefore the desorption pulse shape could be easily found simply by its combination with the Arrhenius equation. 31 With the use of appropriate relations obtained by Bechtel 32 and silver physical parameters 26 we calculated the maximum surface temperature of the Ag target to be ∼1450 K, assuming a laser fluence of 10 J· cm −2 and Ag reflectivity of about 90% in the wavelength range 370−420 nm. 33 This temperature was used as an initial value for the fitting procedure. Note that for a pure Ag metal target the high heat conduction of silver causes the function P(t) to decay much faster as compared to the time-of-flight of the atoms through the ionization volume. Therefore, P(t) could be The Journal of Physical Chemistry C Article approximated by a δ-function. This makes the integration of eq 3 trivial and T max becomes the only fitting parameter. In Figure  4a the results of Ag ion delay measurements together with simulation curve calculated through the integration of eq 3 are demonstrated. The simulation curve was fitted to experimental data with temperature T max as a variable parameter. The best fitting was achieved at T max = 1475 ± 50 K, in good agreement with the maximal temperature estimated earlier. Figure 4a shows typical delay dependence for Ag atoms desorbed from Ag NPs and post-ionized by F 2 laser radiation. The desorption laser fluence corresponds to a point on the increasing part of the Ag signal dependence in Figure 3a equal to 0.18 J cm −2 , corresponding to the temperature (obtained from Figure 3b ) of 1710 K. It is clear that time distribution of the Ag signal in the case of Ag NPs is much wider than those obtained for the metal target. However, the fitting of this dependence with the use of eq 3 becomes more challenging because the function P(t) could not be calculated easily.
To foster discussion of this problem some simple estimates are required. Thermal diffusivity of the material is defined as a = K/cρ where K, c, and ρ represent thermal conductivity, specific heat, and mass density, respectively. With the use of tabulated parameters for silver 26 one can calculate α = 0.17 × 10 −3 m 2 /s. Therefore, for NPs of sub-10 nm size, the characteristic time of thermal equilibration will be ∼2 × 10 −12 s, and therefore on the nanosecond time scale, temperature may be expected to be the same over the entire NP volume, as is commonly assumed. 11 Thus, the temperature evolution of the NP is described by the equation
where V is the total volume of NP. Φ in (t) = 3VQ abs I(t)/4R is the heat generated in NP by laser fluence F(t) 14 and Φ out is the outgoing heat flux due to the heat exchange with the substrate that depends on thermal parameters of ITO and glass and their thermal conductance at the interface. To get a solution of eq 4 the total heat exchange problem for the triple system consisting of NP, ITO layer, and glass substrate should be solved. Due to the complexity of the system, an analytical solution is not possible and numerical methods must be used. However, there are some unknown physical factors that strongly affect the system and make precise modeling very difficult. During the ablation process, the maximal temperature variation is far above the melting point of the NP and possibly the underlying substrates. Therefore, some of the optical and thermal constants of materials may be affected by this temperature increase and the real temperature dependencies of them are not well-known. The change of NP optical absorption due to the temperature increase is a known effect 34 and could be included in the model. Another factor that strongly influences the heat exchange between NP and substrate is the temperature gradient that defines Φ out .
Here, K ITO is ITO thermal conductivity and A is the contact area. At room temperature ITO is nearly transparent from near-UV to visible wavelengths, but because of the previously mentioned red-shift of the light absorption edge at elevated temperatures, the ITO substrate starts to absorb laser energy directly and is thus heated. It should be noted that this process is driven by positive feedback with increasing laser fluence: the temperature, absorption, and heated volume of ITO increase, and subsequently decrease Φ out . Note that the heated ITO volume may be much larger than that of NPs because of heat propagation within ITO film and this positive feedback. As these factors affect the temperature behavior of NPs, the collective effects 11 and possible change of interface conductance at the phase transition should be mentioned.
Because of the many uncertainties involved, it is difficult to choose the dominant mechanism in the NP−substrate heat exchange process. However, the fact that In signal, which corresponds to ITO film desorption, is detected practically at the same laser fluencies as Ag signal suggests a very high ITO temperature that cannot be explained by heat exchange with NP only. Nevertheless, to make numerical simulations in accordance with eq 3 we need to know the temperature pulse shape f(t) and the stretched exponent f(t) = B exp[−(t/δ) β ], where δ and β are fitting parameters, is a convenient approximation. 13 The postulated function for f(t) has some physical basis explained as follows. In accordance with eq 4 after cessation of the laser pulse Φ in (t) = 0 and only the last term on the right side of eq 4 remains, and therefore, the solution can be sought in exponential form. However, as noted by Plech et al. 15 when heat conduction in ambient medium is slower than across the interface, the nonexponential decay of NP temperature may take place, which can then be approximated by a stretched exponent.
The results of silver signal fitting are demonstrated in Figure  4a (dashed curve). The fitting procedure consisted of multiple iterations by varying three parameters (T max , δ, β) in order to minimize the least-squares residuals (LSR). The best fitting was achieved at T max = 1750 ± 150 K, δ = 600 ± 150 ns, and β = 0.5 ± 0.025 where the variation intervals were estimated when LSR increases by 5% from the minimum.
As mentioned before, we could not estimate the ITO temperature by only using the Arrhenius equation. However, because desorbed In atom signals were detected, some data may be extracted from these delay experiments. With the use of the previously described procedure (In signal as well as fitting curve are shown in Figure 4b ), optimal fitting parameters were found and their values are T max = 1850 ± 175 K, δ = 850 ± 150 ns, and β = 1 ± 0.1. These values are not dramatically different from those obtained for Ag desorption, and any discrepancies are likely due to experimental uncertainties except for the β value. Remarkably, significant variation of parameter β reflects the heat exchange dynamics in different media adjacent to the film/layer being heated. 15 In our case, the difference between Ag and In signals is obvious: whereas temperature evolution of the Ag signal is defined by heat exchange between NPs and ITO, the In signal is governed by heat exchange between ITO and underlying glass substrate.
In the previous experimental time-resolved studies of NP heating by laser pulses 13, 15 it was found that the characteristic time scales of temperature profiles range from pico-to subnanoseconds. This is strongly in contrast with our findings that the NP temperature time domain is orders of magnitude longer, in the range of hundreds of nanoseconds. This dramatic discrepancy is due to the rather different experimental conditions. In the case of the works cited above, NPs were completely embedded into media (liquid water), whereas in our case NPs were in contact with a solid substrate that could also be directly heated by laser radiation at elevated temperatures. As mentioned earlier, NP cooling rates are defined by the The Journal of Physical Chemistry C Article temperature difference between the NP and substrate, which may be very small or even negative at some laser fluences.
The overall picture of NP laser ablation on ITO substrates may be described as follows: when laser irradiation begins, it starts to heat Ag NPs, and by heat exchange subsequently heats the ITO film. The heated ITO starts to absorb laser energy and its temperature strongly increases because of the positive feedback mechanism mentioned previously. Within the 15 ns laser pulse, the heated ITO spot size could be estimated as
(where α ITO and α glass are the calculated thermal diffusivity of ITO and glass, respectively 26, 27 ) that has heat sunk to the underlying glass substrate. After the cessation of the laser pulse, the temperature of this ITO hot spot decreases on a time scale t ∼ l 2 /α glass ≅ 400 ns, which is in reasonable agreement with the values obtained in our experiment.
Another interesting finding of our study is that there was no difference in ion threshold formation for different laser wavelengths. In accordance with Figure 1 , the absorbance of laser radiation at laser wavelengths 401 and 421 nm is approximately 2 times higher than at 371 nm. Therefore, one should expect the formation of Ag ion signal at lower intensities for 401 and 421 nm in comparison with 371 nm. In contrast with these expectations, no differences in ion threshold formation were detected, and based on our power dependence measurement (Figure 3a) , this threshold was found to be 0.1 ± 0.015 J·cm −2 for all three wavelengths used. The experimentally derived NP temperature that corresponds to ion detection threshold is more than 1200 K, which exceeds the melting point of NPs. 19 Therefore, before any desorption signal could be detected, NPs are heated to high temperatures and melted. Whereas the optical properties of Ag NPs have relatively small temperature dependence at temperatures below 1000 K, 34 the phase transition (melting) may result in a dramatic change in optical absorption. 1 If the melting point of NPs during laser irradiation is reached before the laser pulse intensity peaks, the maximum plasmon band may broaden (or may even disappear 1 ) and absorption coefficients for all laser wavelengths become similar. This explains the lack of variation at different wavelengths in our ablation experiments.
CONCLUSION
The laser ablation of small Ag nanoparticles deposited by soft landing on ITO substrates was studied with laser postionization. Based on power and delay dependencies of Ag ion signals, the kinetics of Ag NP heating and cooling was studied. It was found that the desorption signal (and hence the underlying temperature pulse) of laser heated NPs lasts much longer than would be expected from previously published experiments. This observation is explained by the interaction of NPs with the ITO substrate. Being optically transparent at initial experimental conditions, the ITO film initially is heated by heat exchange with NPs, followed by increase of their optical absorption and direct heating by laser radiation. Because of poor ITO and glass substrate thermal conductivity and specific geometry factor, these hot spots cooled down much more slowly than in the case of previous experiments which used other media and geometry.
Heat exchange between NPs and substrates may play a significant role in the use of NPs in MS analysis of samples deposited on SALDI chips as well as MILDI from tissue samples. The heating of surrounding media through heat exchange may cause unwanted changes in optical parameters and direct radiation absorption by an analyte, followed by its overheating and the consequent thermal destruction of biomolecules of interest. These results are also relevant to the growing use of NPs in medical applications and for nanoengineered materials, as these may also suffer ill effects at high peak temperatures during irradiation. Therefore, the kinetics of heat exchange between NPs and substrates is a problem of significance and should continue to be studied in detail.
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